In the case of failure of cooling systems or structures in spent fuel pools (SFP), the decay heat removal must be guaranteed to prevent a fission product release. The heat, generated by the fuel assemblies (FA), causes a water level decrease, when heat removal systems fail. In this case, the cooling of the inventory is no longer guaranteed. If limit temperatures are exceeded, an irreversible damaging of the fuel assemblies is possible. To predict the decay heat removal for different accident scenarios, the project SINABEL was initiated.
Introduction
After deployment and operation in the reactor pressure vessel of nuclear power plants, fuel assemblies (FAs) are stored in spent fuel pools (SFPs). During revision, the vast majority of the activity inventory of nuclear power plants can be stored in the SFP. Under normal circumstances, active or passive cooling systems ensure heat removal from the pool. For the design of heat removal systems the limit temperature is due to KTA (2015) ,  45 =°C for unrestricted working at SFPs.
The analysis of decay heat removal in SFP is an essential part of nuclear safety research. SFPs are located in the immediate vicinity of the reactor. They are used for the interim storage of spent fuel until their decay heat and activity level is low enough to enable a safe transport to an external storage. The coolant used in fuel SFPs is desalinated water (Benjamin et al., 1979) . The FAs are stored vertically in so-called storage racks. The distance between adjacent FAs varies depending on the type of storage rack. In order to increase the capacity of SFPs, compact storage racks are utilized. For boiling water reactor (BWR) FAs, which are investigated here, the fuel assembly (FA) is enclosed in a canister. Water can only flow from above and below through holes in the base plate. The basic structure of a BWR FA is shown in Nuclear Engineering International (2016) . The heat dissipation during normal operation is enabled by natural circulation. If the water level in the pool is falling due to boil-off or leakage below the upper edge of the FA, the rod regions above the level will begin to heat up since the heat transfer is realized by superheated steam. This can lead to irreversible damage, because according to Schulz (2015) the cladding tube integrity at temperatures above 565 °C is no longer guaranteed. An overview of possible damage and its limit temperatures is given in Schulz (2015) .
The aim of joint-project SINABEL is to investigate, how the heat transfer behavior can be enabled in the case of a failure of cooling systems or structures. To investigate cladding temperature profiles in beyond design accident scenarios, the test facility ALADIN (Analyse LAgerbeckenstörfall Durch INtegralexperiment, eng.: analysis of spent fuel pool accidents through integralexperiment) was erected. In any of these scenarios, the water level decreases and a multidimensional air flow develops above the upper edge of the FAs because of the existing temperature gradients in the SFP, as numeric Vol. 2, No. 1, 2020, 13-21 Experimental and Computational Multiphase Pressure loss coefficient (-) simulations which are presented in Collins and Hubbard (2001) show in earlier studies this was not modeled in experimental investigations at the ALADIN test facility and is going to be analyzed in the current studies. To determine the influence of this overflowing air on the decay heat removal ALADIN was equipped with an overflow channel.
The design of the test facility is described in detail in the following section.
2 Test facility and methods
Test facility ALADIN
ALADIN is a 1:1 model of a BWR FA and its surroundings to some extent in a spent fuel pool. The maximum distance to adjacent FAs is 50 mm and the width of the quadratic shaft is 350 mm. The center FA consists of 96 electrically heated rods. A 3D view of the upper part of ALADIN is shown in Fig. 1 . The simulators of adjacent FAs are also electrically heated. The fuel rod simulators of the ALADIN test facility have a heated length of 3600 mm. The performance profile of the rod power and the position of the measurement levels in the test facility, as well as a sectional view are shown in Fig. 2 .
The electrically heated rods have the highest local power, at the measuring planes six and seven. The axial power profile of the heated rods is described in Partmann (2019) .
The test facility is instrumented with 210 thermocouples on the twelve levels shown in Fig. 2 . The thermocouples are installed in one quadrant of the central element, as well as in an edge and a corner element. The temperature measurement takes directly place on the surface of rods to determine cladding temperatures. The measuring planes have a distance of 400 mm from each other with the exception of plane twelve. For water level detection, needle probes are located on the measuring levels as well. Additionally a differential pressure signal is used for the calculation of the level position. For the investigation of the influence of cross-overflow on the decay heat removal, the aim was to equip the ALADIN test facility with an additional flow-channel at the head of the FA. This is necessary to create constant boundary conditions for the experiments, as mentioned in Partmann et al. (2018) . An overview of the test facility with the flow channel is shown in Fig. 3 .
The test facility is subdivided in four sections. The original ALADIN test facility contains (1) the FA model, (2) the inflow channel, (3) the measuring section, and (4) the outflow channel. The overflow channel was installed in 2018.
The aim of the research is to investigate the influence of the overflow velocity on the heat removal of the FA simulator at different rod powers. The rectangular measurement section has an aspect ratio of 2:1. As the height of the boundary layer is according to Oertel et al. (2019) , approximately 350 mm at minimum, the channel height is 700 mm. The overflow channel is arranged horizontally over section one of the test facility.
The suction of the air is realized indoors to minimize the influence of weather conditions. A fan provides volume flow rates of up to 1700 m3/h. As it is a radial fan, the flow on the pressure side of the fan is swirl-free. In order to ensure comparability, the supply air is preconditioned by a sensor controlled heater battery. The heater battery is installed in section (2) of the ALADIN test facility, as it is shown in Fig. 3 . A diffuser with integrated baffles serves to direct the flow from the circular cross-section of the supply air path to the rectangular shaped measuring section, which is shown in Fig. 4 . The goal is to have a block-like flow profile downstream of the diffuser. The design follows the suggestions for the construction of diffusers according to Albring (1978) to prevent flow detachment which might result in swirls and increased pressure loss. Due to the limited available space, a short diffuser with four baffles and a half opening angle with about 4° was chosen. To determine the flow profile at the diffuser exit, CFD studies were carried out using ANSYS-CFX. For the numerical simulation, k-omega-SSTturbulence-modeling was used. The boundary conditions for the stationary simulation are defined mass flow rate 0.15 kg/s at the inlet and a absolute pressure of 1 bar at the outlet. As it is only a preliminary study heat transfer and buoyancy modeling were not taken into account. The evaluation plane is located directly downstream the multidiffuser and marked in Fig. 4 . The velocity field in the z-direction is shown in Fig. 5 . The flow profile is inhomogeneous. The aim of this calculation was to get an average velocity of about 2.0 m/s for the majority of the rectangular cross section. According to the numeric simulation velocities have a absolute value of about 5.5 m/s at maximum. This is almost three times the target value. Especially in near-wall areas and at the edges of the flow channel backflows occur with velocity up to 2.0 m/s in the opposite direction.
Since a sufficient block-like flow profile is necessary for the experiments, a sieve arrangement is implemented downstream of the multidiffuser. The pressure loss of wire mesh can be calculated according to an empirical equation according to Idelchick (2005) . By means of Eq. (1) the pressure loss coefficient for wire mesh can be calculated by using Eqs. (2) and (3). The pressure loss coefficient ζ is dependent on the mesh size w and the wire diameter d.
Larger values for ζ result in higher pressure losses at the same velocities. In order to achieve the desired velocities in the flow channel, the pressure loss caused by the wire mesh should be sufficiently low. As a result of this consideration, two types of wire mesh are used. Their characteristics are listed in Table 1 .
To figure out the impact of the wire mesh on the flow profile, CFD studies are carried out using Ansys Fluent. The wire mesh is modeled as a 1D simplification for porous media, imprinted on a double-sided interface for the so-called porous jump boundary condition, which results in a defined pressure loss. The studies result in a flow profile applying sufficiently block-like when using the wire mesh listed in Table 1 . In the sieve arrangement, the wire meshes are installed in the flow direction in the sequence type A, type B, and type A. In order to ensure sufficient calming distance between the wire mesh, the distance between the wire meshes is 150 times as high as the largest wire diameter.
The area of investigation is further downstream, where the overflow velocity and temperatures are measured. To improve comparability, a generic FA head with a handle bar was integrated into the system. The free cross-section at the upper end of the fuel assembly corresponds to that of a real fuel assembly, as shown in Fig. 6 . The central element with handle bar is located in the center of the study area. The distance to the boundary elements is 50 mm. In order to draw conclusions regarding the heat dissipation, the temperature field must be known. The area which is shown in Fig. 6 is instrumented with thermocouples. To prevent a heating up of the ambient air, the heat loss of the test facility is discharged out of the building via an exhaust duct.
Instrumentation
To measure the temperature type k thermocouples with a diameter of d = 0.5 mm are used. For sufficiently small intrusiveness, in the middle of the flow channel, the thermocouples are attached to tensioned stainless steel wires. To ensure that the position of the thermocouples remains constant, the wires can be re-tensioned, after a possible expansion. The structure of the grid consists of up to three levels in x-direction and is divided into four zones. The thermocouples are located upstream (A), downstream (C), directly in the overflow region (B), and in the upper part of the ALADIN experimental system (D). This is pointed out in Fig. 7 .
The upstream thermocouples serve to measure the delivery air temperature and to detect possible backflow. In order to determine the temperature field directly above the FAs, the thermocouples installed in zone B are necessary. The discharge temperatures are measured in zone C. Furthermore, the measured values allow conclusions about the momentum flow ratio. In order to obtain information about the inflow of the air between the stored FAs, the measurement data of the thermocouples in zone D are evaluated. The sampling interval of the 260 thermocouples in the test facility ALADIN and in the flow channel is 10 seconds.
During the calibration of the thermocouples, the measurement deviation to a reference thermocouple was determined. The thermocouples were calibrated at 30 and 100 °C. The measured inaccuracies are documented in Table 2 .
The measurement inaccuracy of the thermocouples increases with increasing temperature. For both calibration points, measurement uncertainties are sufficiently low to detect even slight temperature fluctuations.
Other factors that can affect the comparability are voltage fluctuations, which affect the performance of the heating rods and the speed of the fan and thus the overflow velocity. Furthermore, there may be deviations of the supply air temperature if the fresh air temperature changes rapidly and the regulation of the heating register does not regulate sufficiently fast to ensure constant temperatures. To measure the overflow velocity, an air velocity meter is utilized. The measurement takes place in front of the overflow area as shown in Fig. 1 . The measuring plane is 320 mm upstream of section one of the ALADIN test facility. The measurement uncertainty of the air velocity meter is within the range, specified by the manufacturer and is listed in Table 3 .
As expected, the highest relative measurement uncertainty of 8.0% of the measured value occurs at the lowest velocity. However, the absolute deviation resulting from this is sufficiently low to measure gradients in the velocity field. At the highest occurring velocities, the absolute measurement uncertainty is more than twice as high. Due to the higher gradients at this velocity, the measurement device is still sufficiently accurate with a maximum deviation of 0.05 m/s. Since only a punctual measurement is possible with this measuring instrument, the determination of the velocity field for all planned operating points takes place in preliminary experiments.
Planned experiments
The experiments with overflow channel are performed to investigate three accident scenarios. These scenarios simulate the evaporation process in the storage pool, air cooling with blockage of flow paths through unevaporated water at the bottom of the SFP and air cooling without water left in the storage pool.
For investigations of an SFP boil-off, the experimental system is filled with deionized water almost to the top of the FA, which is about 4.40 m at the beginning of the experiment. Due to the heat emanating from the FA model, the water is heated. Therefore, the water level rises due to a reduction in density at the beginning of the experiment. With increasing temperature, the coolant evaporates, causing a drop of the water level. A detailed description of the thermohydraulic processes for evaporation experiments can be found in Partmann et al. (2018) .
In the case of a water blockage, an air flow through the fuel assembly is not possible. The filling height at the beginning of the test in the air cooling with water blockade scenario is 0.28 m.
To ensure comparability the following boundary conditions are equal for all investigations: . In all scenarios, the influence of the cross-overflow velocity is determined for different single rod powers. The study examines air velocities for 0.25 m/s ≤ v ≤ 1.5 m/s for single rod power from P = 10 W to P = 50 W. The experimental matrix is presented in Table 4 .
The single rod power of the electrically heated rods of the ALADIN test facility corresponds to residual decay heat outputs of FAs with a certain time after the reactor shutdown due to DIN (2014) . This relationship is shown in Table 5 .
Thus, a single rod power of 50 W in the test facility generates about the same amount of heat as a rod, which is stored for nearly two months. FAs, which are stored for a longer time in the SFP, have a lower decay heat. The experiments, which simulate this configuration, are carried out with a power of 10 W per rod, for example. This corresponds to storage time after switching off the chain reaction over a year. With the results of the experimental investigations, analysis for a great variety of circumstance can be provided.
All experiments that investigate the air cooling without water blockage scenario begin with start-up of the fan. The volume flow is set by measuring the velocity at the reference point in the measuring section. The target velocity is set before the start of the experiment. After a stationary flow has developed in the overflow zone, the heater battery is switched on. It is set to a target temperature of 25 °C by default.
After a certain amount of time, the target temperature is permanently set at the reference measuring point. Depending on the boundary conditions, this can take up to The duration of the experiment is between a few hours and a week, depending on the boundary conditions. The shutdown of the power supply of the fuel rods takes place when a termination criterion is reached. These are the achievement of the maximum design temperature of the test facility minus a safety margin (410 °C) or if the temperature at a reference point does not exceed a previously reached maximum within 24 h. The last phase of the experiments is the cool down of the system to room temperature.
Results

Preliminary studies
The velocity profiles are measured at 35 measuring points for every per operating point. At measuring points in the center of the flow channel the results are shown in Fig. 8 . The reference velocity is measured at the point (175/350/ -495) referred to the point of origin in Fig. 7 . Velocity profiles for reference velocities in z-direction in the range of 0.25 m/s < v < 1.5 m/s are shown in Fig. 8 for the center of the rectangular flow channel.
At low velocities of v ≤ 0.5 m/s the mid-channel velocity profiles are approximately uniform. The deviations are in the range of the measuring uncertainty of the measuring device. The flow profile is block-like, over the entire channel height. For v > 0.75 m/s, Fig. 8 shows that the velocity in the lower half of the channel increases for y ≤ 350 mm compared to the reference value. This is caused by the two Fig. 8 Velocity profiles in y-direction for all operation points in the center of the overflow channel for reference velocities 0.25 m/s < v < 1.5 m/s. 45° elbows, as shown in Fig. 3 , which are installed due to a lack of space in front of the measuring section. The highest deviations are recorded at a reference speed of v = 1.5 m/s. The maximum deviation is 10% of the value. The velocity differences across the channel cross section in the x-direction are independent of the magnitude of the velocity and are always in the range of Δv = 0.04 m/s.
Analysis of the experimental investigations
For analyzing the obtained data, in addition to comparing the experiments with each other, data from Partmann et al. (2018) is taken into account. These results were achieved with the ALADIN test facility, but without the introduced overflow channel.
The maximum cladding temperatures of the rod and the temperatures in the overflow area are compared. The determined temperature fields are used to analyze the influence of the overflow velocity on the heat dissipation. In the following the results of first experimental investigations are presented and evaluated. The scenario considered below is air cooling without water blockade for a rod power of 10 W, corresponding to an FA with the decay heat after 441 days after storage in the SFP, according to Table 5 . In these investigations, the maximum rod temperature, the temperature below the overflow area and in the overflow zone are recorded. Based on this data, the heat dissipation can be analyzed, which is done below.
In particular, the investigations focus on the maximum temperatures occurring in the bundle, since this is decisive for the extent and possible countermeasures of an accident. The maximum temperatures occur at measurement level 7, since the power profile of the heating rods has its maximum at this level according to Fig. 2 . The temperature profiles for a rod near the center of the FA simulator are shown in Fig. 9 . Up to a temperature of about 250 °C, the temperature development at the measuring point is almost identical. The temperatures increase in a strictly monotonic manner with a decreasing gradient with increasing temperature. An influence of the overflow up to this point cannot be detected. At temperatures higher than 250 °C, their trend seems to be influenced by the overflow velocity. The temperatures are converging to a limit in any case. In this case, the incoming and outgoing heat flows are equal. At the overflow velocities of 0.25 and 1.0 m/s, the maximum temperature is around 292 °C. When the overflow velocity was 1.5 m/s, the temperature approximates to 305 °C. This indicates that higher overflow velocities impede heat removal. In addition, measuring points in the ALADIN shaft are evaluated in order to determine the possible breaking of the flow into section one of the test facility. The measuring points, shown in Fig. 7 , are located in the flow direction downstream the FA.
For these measuring points, the highest temperatures occur at the highest overflow velocities. The maximum temperatures in the area of the FA head are just above 100 °C.
Looking at the lower measuring point in the ALADIN shaft, the temperature drops as the overflow velocity decreases, as shown in Fig. 10 . The temperatures at the measuring point are for an overflow velocity of 1.5 m/s on average 40 K lower than for 0.25 m/s. The fluctuation around the mean value is highest at a velocity of 1.0 m/s. The fluctuation reaches about 20 K.
At the measurement point above, the basic trend is similar. The two tests at low velocities show also lower temperatures, with the values for 1.0 m/s being within the fluctuation range of the test at 0.25 m/s. When comparing the temperatures between these measuring points, it can be noted that the temperatures increase especially at 1.5 m/s, although the measuring point is further away from the heat source. This indicates that the flow accumulates at this measuring point and thus the heat dissipation is reduced. This can also be observed in the gap between the FAs, like it is shown in Fig. 11.   Fig. 10 Temperature profiles downstream the central element y = -450 mm (left) and y = -150 mm (right) for 10 W air cooling without water blockage. In the flow path are no obstacles in front of the measuring point, which slow down the flow. Therefore, a large-area obstruction of the cross section is caused and hot air accumulates at the measuring point. In summary, this results in higher temperatures at higher velocities at this measuring point. To verify this thesis, an evaluation of the measured data in the overflow channel is carried out. In the overflow channel downstream of the overflow area, the temperature profiles were measured and are shown in Fig. 12 .
The temperatures at the channel bottom and with a velocity of v = 1.5 m/s are equal to the delivery air. Thus, it seems that a blockade of the heat removal from the test facility happens due to the overflow. At v = 1.0 m/s, a temperature increase of 5-10 K, with a deviation of about ±5 K can be detected compared to the supply air temperature. An approximately twice as large variation from the mean value can be observed at v = 0.25 m/s at the same measuring point. The mean value is also increased by approximately 25 K compared to the supply air temperature. In Fig. 13 the temperature profiles for the center of the overflow channel are shown.
The temperatures at the highest velocity are as expected equal to the supply air temperatures. This is also true at 1.0 m/s at the center of the channel. A heating up like at y = 116 mm cannot be detected at this measuring point. The values for both operating points have a fluctuation of about ±1 K. Only for the lowest investigated velocity a temperature increase in the center of the channel can be observed. The maximum increase of temperature is about 15 K.
Conclusions
In order to investigate the influence of specific cross-overflow on FAs in spent fuel pools, the ALADIN test facility was equipped with an overflow channel. Thus, it can be investigated whether higher velocities impede the heat dissipation and whether this affects the maximum cladding temperatures of the fuel assemblies.
However, it should be noted that in the ALADIN test facility only a single FA and a part of its environment were modeled. Thus, accurate temperature predictions for FAs in the wet storage can be adopted only conditionally because they influence each other along the flow path.
For single FAs, the results of these experimental investigations indicate that at least for low decay heats an influence of the overflow on the residual heat removal can be determined. At a heat output of 960 W, which corresponds to a storage time of 441 days after switching off the chain reaction, higher overflow velocities lead to lower heat dissipation. The overflow blocks the outflow cross section, which leads to a congestion of the flow below the FAs upper edge. However, the maximum cladding temperatures are also influenced by the overflow in the considered air cooling scenario. However, it must be noted that the overflow velocity has a significantly lower influence compared to other parameters such as the decay heat output of the FAs. Nevertheless, the results should be taken into account when analyzing the 3D flow field above the FA in a real SFP.
In order to investigate the influence of the overflow even for higher decay heat outputs and other scenarios, the investigations presented in the experimental matrix will be carried out. Thus, the influence of a targeted cross-overflow on the heat dissipation of a fuel assembly can be analyzed comprehensively. The experimental results are also used to validate numerical simulation performed with the system code ATHLET. The ATHLET model used to simulate the experimental investigations is described in detail in Partmann et al. (2018) , as well as a comparison to earlier experiments. Since the results of experimental investigations and numeric simulations vary noticeable, a sensitivity analysis will be carried out to figure out the parameters with the highest influence on the simulation. In the future, a spray cooling system will be integrated into the test facility to analyze its influence on the heat dissipation of FAs in SFPs.
